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ABSTRACT
During development, cycles of spatiotemporal remodeling of higher-
order networks of actin filaments contribute to control cell fate
specification and differentiation. Programs for controlling these
dynamics are hard-wired into actin-regulatory proteins. The filamin
family of actin-binding proteins exert crucial mechanotransduction
and signaling functions in tissue morphogenesis. Filamin-B (FLNB) is
a key player in chondrocyte progenitor differentiation for
endochondral ossification. Biallelic loss-of-function mutations or
gain-of-function mutations in FLNB cause two groups of skeletal
disorders that can be attributed to either the loss of repressive
function on TGF-β signaling or a disruption in mechanosensory
properties, respectively. In this Review, we highlight a unique family of
vertebrate-specific short-lived filamin-binding proteins, the refilins
(refilin-A and refilin-B), that modulate filamin-dependent actin
crosslinking properties. Refilins are downstream TGF-β effectors in
epithelial cells. Double knockout of both refilin-A and refilin-B in mice
results in precocious ossification of some axial skeletal elements,
leading to malformations that are similar to those seen in FLNB-
deficient mice. Based on these findings, we present a model
summarizing the role of refilins in regulating the mechanosensory
functions of FLNB during skeletal development. We also discuss the
possible contribution of refilins to FLNB-related skeletal pathologies
that are associated with gain-of-function mutations.
KEY WORDS: Refilin-A, Refilin-B, FAM101A, FAM101B, Filamin,
Actin, TGF-β, Epithelial–mesenchymal transition, Filaminopathy
Introduction
During development, cell fate specification and differentiation is
coupled to the cellular acquisition of specific adhesive, polar and
motile behaviors. Various higher-order networks of actin filaments
and spatiotemporal cytoskeletal dynamics are used to organize cell–
cell contacts and cell–substratum adhesion, cell membrane
remodeling and to power cell motility (Davidson and Wood,
2016). A myriad of actin-binding proteins participate in the
formation of actin filaments by regulating actin polymerization
(reviewed in Davidson and Wood, 2016) and the depolymerization
of actin filaments (Nag et al., 2013; Umeki et al., 2013). Further
studies have also progressed our understanding of the role of
mechanosensing actin-binding proteins in the control of
spatiotemporal actin dynamics in developmental processes
(Huelsmann et al., 2016; Janoštiak et al., 2014). These proteins
are able to sense and respond to forces, for instance, by undergoing
conformational changes (Vogel et al., 2001), which can expose
cryptic binding sites (Pentikäinen and Ylanne, 2009), or even by
becoming more tightly bound to one another (Schoeler et al., 2014).
Filamins have been shown to be a central mechanotransduction
element of the actin cytoskeleton (Ehrlicher et al., 2011; Huelsmann
et al., 2016; Janoštiak et al., 2014; Luo et al., 2013; Razinia et al.,
2012; Seppälä et al., 2017; Stossel et al., 2001) and, in addition,
exert signaling functions (Razinia et al., 2012; Stossel et al., 2001;
Zhou et al., 2010). Three filamin-encoding genes are found in
humans: the X-chromosomal FLNA, and autosomal FLNB and
FLNC. These genes encode their respective proteins filamin-A
(FLNA), filamin-B (FLNB) and filamin-C (FLNC), all of which
share a high sequence similarity. Various mutations that give rise to
various developmental syndromes have been characterized in all
three filamin genes (Bicknell et al., 2007; Clark et al., 2009; Fürst
et al., 2013; Robertson et al., 2006, 2003). For instance, mutations in
FLNB cause a group of chondrodysplasias, an observation that is
consistent with the expression of this protein in epiphyseal growth
plate chondrocytes (Krakow et al., 2004). Two broad groups of
FLNB-related skeletal conditions can be defined on the basis of their
clinical presentation and genetic etiology. Homozygosity or
compound heterozygosity for null alleles results in the recessive
condition spondylocarpotarsal syndrome (SCTS), which features
fusion of the vertebral, carpal and tarsal bones (Krakow et al., 2004).
In mice, disruption of Flnb leads to abnormal differentiation of
intervertebral disk chondrocytes into hypertrophic chondrocytes,
resulting in progressive vertebral fusions. The phenotype observed
for Flnb-null mice is consistent with the clinical features of SCTS
(Farrington-Rock et al., 2008; Zheng et al., 2007; Zhou et al., 2007;
Zieba et al., 2016). This phenotype coincides with an upregulation
of TGF-β signaling via Smad2 and Smad3 (Zheng et al., 2007;
Zieba et al., 2016). A second group of autosomal dominant diseases
is caused by missense mutations or small in-frame deletions or
insertions in FLNB. These phenotypes include boomerang dysplasia
(BD), Larsen syndrome (LS), and atelosteogenesis types I and III
(AOI and AOIII) (Xu et al., 2017). In the more-severe forms of these
disorders, bones are either shortened or abnormally shaped due to
anomalous ossification, or have failed to initiate ossification
altogether (Bicknell et al., 2007); further details regarding the
disease conditions can be found in Xu et al. (2017). When
ectopically expressed in cells, mutant FLNB with BD, AO or
LS-associated mutations showed enhanced avidity for binding actin,
resulting in the formation of abnormal foci containing FLNB–actin
superstructures, suggesting that these diseases might be caused by
the disruption of the mechanosensory properties of filamin
(Bicknell et al., 2007; Clark et al., 2009; Daniel et al., 2012; Zhao
et al., 2016).
To further expand the understanding of filamin functions during
skeletogenesis in physiological and pathological situations, it is
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necessary to comprehensively understand the interplay between the
many filamin-binding, scaffolding and signaling proteins that link
these proteins to specific spatio-temporal developmental processes,
including the effects produced through mechanosensory
mechanisms. Recent studies have identified a new family of
vertebrate-specific filamin-binding proteins, comprising refilin-A
and refilin-B, that fulfill the criteria as spatiotemporal regulators of
the mechanosensory functions of filamin during vertebrate skeletal
development. Refilins are short-lived proteins and downstream
effectors of TGF-β signaling (Gay et al., 2011a). In cells, refilins
integrate the mechanosensory functions of filamin by modulating
their crosslinking properties, so that actin bundles are favored over
orthogonally crosslinked networks (Gay et al., 2011a,c). Although
the phenotypes of single knockouts (KOs) of refilin-A and refilin-B
are indistinguishable from wild-type, double KO (DKO) mice
display skeletal abnormalities that are similar to the malformations
observed in Flnb-deficient mice (Mizuhashi et al., 2014). DKO
mice for refilin-A and refilin-B manifested scoliosis and kyphosis
(pathological curvatures of the spine in the sagittal and transverse
planes, respectively), intervertebral disc defects, vertebral fusions
and retardation of longitudinal bone growth (Mizuhashi et al.,
2014). The skeletal abnormalities reported for Rfln DKO mice are
similar to the malformations in Flnb-deficient mice, which also
manifest scoliosis, kyphosis and vertebral fusions, in addition to
shortening of the distal appendages (Farrington-Rock et al., 2008;
Zheng et al., 2007; Zhou et al., 2007). In humans, a drastic decrease
of the expression level of the refilin-A gene (RFLNA, also known as
FAM101A) is observed in adolescent idiopathic scoliosis (AIS), a
human disease resulting in a three-dimensional deformity of
alignment of the spine in the context of an otherwise stucturally
normal vertebral column (Fendri et al., 2013), further suggesting
that refilins mediate key functions in spinal development and
growth. Furthermore, upregulation of refilin-B is observed in
metastatic cancer cells (Gordon et al., 2017; Mishra et al., 2015).
This Review synthesizes our current understanding of the
functional properties of the refilin family of proteins (refilin-A and
refilin-B) as downstream effectors in TGF-β signaling and in
regulating the mechanosensory functions of FLNB, with special
emphasis on skeletal development and in FLNB-related pathologies.
The vertebrate filamins
The filamin family of actin-binding proteins was first identified as
an actin-binding protein (ABP) that binds immunoglobulin (Ig) G
Fc receptor I (Ohta et al., 1991). The filamin proteins are represented
in nearly all metazoa (Light et al., 2012). Filamins can crosslink
actin filaments into orthogonal networks in the cortical cytoplasm
and participate in the anchoring of membrane proteins to the actin
cytoskeleton (Calderwood et al., 2001; Nakamura et al., 2007,
2011; Razinia et al., 2012). By linking actin to the extracellular
matrix (ECM), filamins can simultaneously bind to actin and the
cytoplasmic domains of transmembrane receptors (Baldassarre
et al., 2009; Razinia et al., 2012; Sasaki et al., 2001). Through rapid
and transient modulation of the interactions between the actin
cytoskeleton and the cell membrane or ECM, filamins enable
spatiotemporal changes in the transmission of forces at the cell
periphery and, as such, serve as mechanotransducers (Huelsmann
et al., 2016; Razinia et al., 2012). In addition to actin, filamins
interact with more than 90 binding partners and are implicated in
signaling for a diverse array of cellular functions, including motility
and differentiation (Razinia et al., 2012; Zhou et al., 2010).
Phylogenetically, filamins diverged from a common single
ancestral gene between the chordate invertebrate and vertebrate
lineages (Kesner et al., 2010). A single filamin gene is present in the
Drosophila melanogaster genome (cheerio), that encodes two
spliced protein isoforms (Sokol and Cooley, 1999), whereas two
genes ( fln-1 and fln-2) exist in the Caenorhabditis elegans genome.
In Drosophila, Cheerio is involved in the germline ring canal
formation where it tethers actin filaments within the ovarian ring
canal to the cell membrane (Sokol and Cooley, 1999). InC. elegans,
FLN-1 acts as a stretch-sensitive signaling scaffolder to control
valve dilation and the exit of oocytes from the spermatheca
(DeMaso et al., 2011; Kovacevic and Cram, 2010). In vertebrates,
the filamin gene has been duplicated twice, generating three genes
localized on three different chromosomes: FLNA (Xq28), FLNB
(3p14) and FLNC (7q32) (Zhou et al., 2010). These genes encode
their respective proteins filamin-A (FLNA), filamin-B (FLNB)
and filamin-C (FLNC), all of which show high sequence similarity
and similar functional organization (Razinia et al., 2012; Zhou
et al., 2010) (Fig. 1A). Mouse knockout models for filamins
indicate that vertebrate filamins are involved in three-dimensional
tissue morphogenesis and are critical for skeletal, vascular,
muscular, cardiac and cerebral development (Dalkilic et al.,
2006; Feng et al., 2006; Robertson, 2005; Sheen et al., 2002; Zhou
et al., 2010).
Although invertebrate and vertebrate filamins are very similar,
differences also exist (Huelsmann et al., 2016; Kesner et al., 2010;
Light et al., 2012). Sequence alignment shows that Ig repeats 7–11
are missing within the N-terminal half of the invertebrate filamins
(Fig. S1). Moreover, the filamin Ig domain architecture differs
substantially between vertebrates and invertebrates, suggesting a
specialized function for vertebrate filamins that is linked to the
binding of specific signaling molecules (Light et al., 2012). In
vertebrate filamin, Ig-repeats 9–15 contain an F-actin-binding
domain necessary for high avidity F-actin binding (Nakamura et al.,
2007; Zhou et al., 2010). As discussed below (Fig. 1B), the Ig
repeats 9–15 might contribute to refilin binding and to the actin-
bundling function of filamin proteins.
The refilin family of genes and proteins
The refilin family of genes (Rfln; HUGO Gene Nomenclature
Committee, NCBI Gene ID: 144347 and 359845) was first
identified by expression screening of a cDNA library of
embryonic day (E)8.0–8.5 mouse anterior neuroectoderm to
identify genes that function in regionalization of this structure
(Hirano et al., 2005). Rfln genes are confined to the vertebrate
phylum and there are no homologs in the genomes of Drosophila
or C. elegans.
In vertebrates, two refilin paralogs exist, RflnA (also known as
Cfm2 and Fam101a) and RflnB (also known as Cfm1 and
Fam101b), which encode refilin-A and refilin-B, respectively, and
were named because of their ability to bind and regulate of filamin
proteins (REgulator of Filamin proteIN) (Gay et al., 2011a).
According to the HUGO Gene Nomenclature Committee, human
RFLNA localizes to chromosome 12, whereas RFLNB is on
chromosome 17. Gene expression analysis and regulation, as
annotated in the GeneCards database (http://www.genecards.org)
show that both RflnA and RflnB harbor common regulatory elements
in their promoter regions for binding the PKNOX1 (also known as
PREP1) transcription factor involved in the regulation of embryonic
development and in the determination of cell fate (Yoshioka et al.,
2015). Remarkably, both refilin-B and PKNOX1 are modulators of
cell responsiveness to TGF-β and are necessary for the induction of
the epithelial–mesenchymal transition (EMT) in response to this
growth factor (Gay et al., 2011a; Risolino et al., 2014).
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The two RflnA and RflnB paralogs code for proteins with more
than 70% amino acid identity and apparently redundant function.
Mice with loss of a single Rfln gene demonstrate no ostensible
abnormalities, whereas only double homozygotes for deletion of
both RflnA and RflnBmanifest skeletal malformations as mentioned
above (Mizuhashi et al., 2014). Refilins have two functional
conserved domains (Hirano et al., 2005) (Fig. 2A). The conserved
N-terminal domain of refilin functions as a dimerization interface,
whereas the C-terminal domain harbors the filamin-binding sites
(Gay et al., 2011a).
The short half-life of refilins makes the endogenously expressed
proteins difficult to detect by conventional biochemical and
immunological approaches, unless the proteins are stabilized by
environmental cues, such as cell confluence (Gay et al., 2011a,b) or
treatment of cells with TGF-β (Gay et al., 2011a). The short half-life
of the refilins is related to them being mostly unstructured (Fig. 2B)
and the presence of several destruction motifs (Gay et al., 2016). In
cells, the stability of intrinsically unstructured proteins (IUPs) is
finely tuned so they persist in an appropriate stoichiometry with
their physiological targets (Dyson andWright, 2005; Gsponer et al.,
2008). In the case of refilins, their stabilization depends on
interaction with their target protein, that is, filamin. In the human
M2 cell line that does not express filamin, ectopically expressed rat
refilin-A and refilin-B are immediately degraded (Gay et al., 2016).
In this context, co-expression with filamin or filamin minigenes
encompassing their refilin-binding domains, results in stabilization
of refilins such that they have a half-life of between 30 min and 4 h
depending on the cell culture density (Gay et al., 2016).
When refilin is bound to filamin, its degradation relies on
complex degradation pathways that recognize several destruction
motifs within the N-terminal and C-terminal domains (Gay et al.,
2016). The N-terminal dimerization domain of refilins harbors two
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Fig. 1. Proposed model for how refilin binding to filamin induces conformational changes in filamin and promotes the bundling of F-actin filaments.
(A) A schematic of a vertebrate filamin dimer. Vertebrate filamins are elongated dimeric V-shaped proteins with two large polypeptide chains. Each monomeric
chain of filamins contains two calponin homology domains (CH1 and CH2) forming a canonical F-actin-binding domain (bright blue) at the N-terminus. The
ABD is followed by 24 β-pleated sheet immunoglobulin (Ig)-like repeats (numbered octagons), which are interrupted by two flexible hinge regions (H1 and H2).
The last C-terminal Ig repeat (Ig24) serves as a dimerization domain. In both vertebrate and invertebrate filamins, the C-terminal domain (Ig16–21 in vertebrates)
functions as a mechanosensor region (MSR, pink). It has two protein-interaction sites that are masked by neighboring sequences in an auto-inhibitory
manner (closed conformation), with unmasking resulting from pulling forces (open conformation) (Huelsmann et al., 2016; Rognoni et al., 2012). The cryptic
F-actin-binding domain IgFLN9–15 is in light blue (Nakamura et al., 2007; Zhou et al., 2010). The dimeric structure of FLNA favors orthogonal junctions of actin
filaments and anchors F-actin to the cell membrane through transmembrane receptors (Razinia et al., 2012; Zhou et al., 2010). (B) Schematic illustration of the
filamin–refilin complex. The binding of refilin dimer to IgFLNA19–21 may lock filamin into an open conformation (Huelsmann et al., 2016). The subsequent
interaction of the refilin dimer with IgFLN10–12 exposes the cryptic F-actin-binding domain on IgFLN9–15, which is necessary for high-avidity F-actin binding
(Nakamura et al., 2007; Zhou et al., 2010). This may change the orientation of the FLNA rod regions (Rod 1–IgFLNA1–15 and Rod 2–IgFLNA16–24) and
convert the V-shaped FLNA dimer into a low-angle dimer that is more predisposed for actin bundling (Gay et al., 2011a; Gay et al., 2011c). This model also
suggests that refilin dimers stabilize the actin filament. It also raises the possibility that refilin dimers bound to filamin IgFLN10–12 could further cross-link F-actin
bundles to promote formation of large actin superstructures as observed in the human U373A cells characterized by deficient refilin degradation pathways (see
fig. S2 and S3 in Gay et al., 2011a).
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overlapping degradation signals (degrons), consisting of a PEST
sequence and a DSG(X)3S motif (Gay et al., 2011b). The DSG(X)3S
motif is commonly called a phosphodegron (phosphorylation-
dependent degron motif), because phosphorylation of serine
residues within the degron is required to activate it (Ang and Wade
Harper, 2005). Selective removal of the PEST-DSG(X)3S motif
(residues 10–35) from the rat refilin-A increased the half-life of the
truncated proteins. However, the truncated refilin-A protein was still
subjected to fast degradation processes (Gay et al., 2016). A third
degron has then been localized within the C-terminus of the protein
that is targeted by a proteasome-dependent (MG132 sensitive) but
ubiquitin-independent pathway. This C-terminal degron overlapswith
the filamin-bindingmotif on refilin (residues 128–175 on refilin-A), as
its activity can be replicated by GFP-tagged refilin-A 128–175.
Attaching the 128–175 region of refilin to GFP resulted in rapid
degradation of the GFP moiety compared to non-heterologous GFP
(see fig. S3 in Gay et al., 2016). The complexity of mechanisms
governing the stabilization and the degradation of the refilins is
reminiscent of that of many short-lived cell-cycle-regulated proteins
(e.g. IκBα, Cdc25A), transcription factors (TAZ, Nrf1) and
receptors (EPO-R) that are targeted by several independent, but
complementary, proteolytic pathways (Fortmann et al., 2015; Huang
et al., 2012; Kanemori et al., 2005; Tsuchiya et al., 2011; Walrafen
et al., 2005). Therefore, the comprehensive characterization of how
the stability and abundance of refilin mRNA and protein are
determined is a priority. Themodulation of refilin turnover in cells is
likely to have a crucial function in the spatiotemporal regulation of
the mechanosensory functions of filamin. Thus far, refilins are the
only described filamin-binding partners that modulate its actin-
branching properties so that actin bundling is favored (Gay et al.,
2011a; Mizuhashi et al., 2014). The actin-bundling activity that is
mediated by refilins is likely to produce changes not only in actin
cystokeletal organization, but also in the interaction of filamin with
other partners (e.g. transmembrane receptors, cell adhesion
molecules and signaling molecules) (Razinia et al., 2012; Stossel
et al., 2001; Zhou et al., 2010). Hence, the interactions between
refilins and filamins must be fully reversible to facilitate these
rapidly fluctuating cytoskeletal dynamics.
Role of refilin in filamin-mediated actin bundling
In both a reconstituted in vitro actin polymerization system and
in vivo, the binding of refilins to filamin converts filamin from a
protein that mediates actin-branching into one that mediates
bundling (Gay et al., 2011a). In vitro, our electron microscopy
data has revealed the presence of large F-actin bundles even at a low
ratio of FLNA to actin (1:100). Similarly, ectopic expression of
refilins in mesenchymal U373 cells promotes the re-localization of
FLNA from a diffuse cytoplasmic staining to newly formed actin
bundles that organize either as a perinuclear actin cap or basal stress
fibers connected to focal adhesion sites (Gay et al., 2011a,c). At the
tips of focal adhesions, refilin, but not FLNA, is excluded from the
actin cytoskeleton that is connected to ECM adhesion complexes
(J.B., unpublished observations).
Characterization of the refilin-A–FLNA interaction revealed the
presence of four potential filamin-binding domains (BD1–BD4)
on the refilin monomer, which are clustered on its C-terminus
(Fig. 2A). Two of these domains, BD2 and BD4, are essential for
co-immunoprecipitation of refilin-A with IgFLNA19–22 and for
actin-bundling activity in vitro and in vivo (Gay et al., 2011a). BD1
and BD3 are dispensable for interaction of refilin-A with
IgFLNA19–22, but they are required to promote multimolecular
refilin–FLNA complexes and actin-bundling activities (see fig. 3F
in Gay et al., 2011a). Taken together, these results suggest the
presence of two refilin-binding sites on FLNA. By using a directed
yeast two-hybrid mating system for refilin-A (amino acids 11–216)
with truncated C-terminal FLNA variants, we confirmed that
IgFLNA21 serves as a template for the interaction of refilin BD2
and BD4 with FLNA monomers (Gay et al., 2011c). We have now
additional evidence that also implicates IgFLNA11–12 in the
binding to refilins (Z.A.J. and S.P.R., unpublished data). In Fig. 1B,
we propose a tentative model for the refilin–filamin interaction
and refilin-dependent modulation of filamin–actin crosslinking
properties. The binding of refilin BD2 and BD4 to IgFLNA19–21
may lock filamin into an open conformation (Huelsmann et al.,
2016). The subsequent interaction of refilin BD1 and BD3 with
IgFLN10–12 activates the cryptic F-actin-binding domain on
IgFLN9–15 that is necessary for high-avidity F-actin binding
A
B
PEST-DSG(X)3S
FBD 1–4
NC BD4
1214 174 128 66 11
BD3 BD2 BD1
PEST-DSG(X)3S
FBD 1–4
N CBD4
1 2141741286611
BD3BD2BD1
Dimerization
Dimerization
Helix Sheet Disordered Disordered protein bindingKey
Fig. 2. The refilin proteins. (A) A schematic illustration of the refilin-B dimer. Refilin-A and refilin-B are small hydrophilic proteins with more than 70% amino acid
identity (human refilin-A, 216 amino acids; human refilin-B, 214 amino acids). The N-terminal domain of refilins, encompassing residues 10–66, has been
defined as a dimerization interface by yeast two-hybrid-directed matings and co-immunoprecipitation (Gay et al., 2011a). It also harbors two overlapping
degradation signals (residues 10–35) consisting of a PEST sequence and a phosphodegron motif [DSG(X)3S]. The C-terminus harbors the filamin-binding
domain (FBD), which comprise four individual interaction sites (BD1–BD4) and is also a target for the rapid degradation of the protein (see text for further details).
(B) Secondary structure map of human refilin-B. PSI-blast-based secondary structure PREDiction (http://bioinf.cs.ucl.ac.uk/psipred/) (PSIPRED) reveals that
refilins are intrinsically unstructured proteins (IUPs), with nearly 50% unstructured residues and no predicted α-helical domains. Feature predictions are color-
coded in the sequence according to the key shown below. Disordered protein binding regions may also putatively constitute protein binding motifs.
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(Nakamura et al., 2007), thereby synergizing with the actin-binding
domain to promote the formation of F-actin bundles. We also
propose that through the resulting increased affinity of filamin for
F-actin filaments, refilins may enhance filament stability and growth
(Kueh et al., 2008).
Refilins initiate filamin-dependent spatiotemporal changes
in apical F-actin
Several observations point to a spatiotemporal regulation of the
apical actin cytoskeletal by refilin–filamin complexes in
mechanosensing processes, which may have fundamental roles
during vertebrate organogenesis.
In exponentially growing mouse NIH3T3 fibroblasts, the steady-
state level of refilin-B is extremely low and rises drastically as the cells
reach confluence, suggesting that refilin-B expression and/or
stabilization is linked to the cellular response to mechanical force.
In confluent fibroblast cells, refilin-B forms complexes with filamin
and promotes the formation of a perinuclear actin cap (Gay et al.,
2011a). In mesenchymal cells, the actin cap functions in cellular
mechanosensation and mechanotransduction, providing a mechanism
to transmit extracellular and cytoskeletal forces to the nucleus to
coordinate nuclear migration and anchorage, cell migration and
modulate gene transcription (Chambliss et al., 2013; Kim et al., 2013).
In polarized epithelial NMuMG cells, a cell line derived from
normal mouse mammary epithelial cells, refilin–filamin complexes
are formed upon stimulation of the cells with TGF-β, which triggers
EMT (Gay et al., 2011a). EMT is a process by which epithelial cells
lose their cell polarity and cell–cell adhesion, and gain migratory
and invasive properties. The EMT has fundamental roles in embryo
morphogenesis and organ development (Bryant and Mostov, 2008;
Lamouille et al., 2014). EMT is not a single event; rather, it is a
series of coordinated changes orchestrated by cycles of F-actin
remodeling and nuclear transcriptional activities (Haynes et al.,
2011; Lamouille et al., 2014; Morris and Machesky, 2015). In
polarized NMuMG cells maintained in the absence of TGF-β,
refilins are undetectable, whereas FLNA localizes diffusely on the
apical surface (Gay et al., 2011a). In polarized epithelial cells,
F-actin is predominantly organized in a cortical belt formed of thin
filaments that are tightly associated with cell–cell adhesion sites
(Furukawa et al., 2017; Gay et al., 2011a). Upon stimulation of the
cells with TGF-β, refilin-B is stabilized and colocalizes with filamin
on parallel actin bundles that form at the apical surface above the
nucleus at sites of cell–cell contacts (Fig. 3A; see also Gay et al.,
2011a,b). Here, refilin-B stabilization precedes the downregulation
of the tight junction protein ZO1 (J.B., unpublished observation)
and correlates with the reorganization of the actin belt (Gay et al.,
2011a,b). In contrast to FLNA, which is uniformly distributed over
the entire length of the actin bundles, refilin-B immunoreactivity is
concentrated on actin bundles at cell–cell boundaries (Fig. 3A). This
polarized distribution suggests that refilin-B is required to trigger
filamin-dependent actin bundle formation, but it is probably not
essential for actin bundle elongation. In a NMuMG cell line stably
expressing refilin-B shRNA, downregulation of refilin-B expression
is associated with diffuse FLNA staining, a disorganized apical
actin network, and a delay in nuclear and cell shape remodeling in
response to TGF-β stimulation (Gay et al., 2011a). These results
identified refilin-B as an early downstream effector protein in TGF-
β signaling and a key regulatory protein for F-actin remodeling and
the mechanosensory functions of filamin in the early steps of EMT.
The downregulation of refilin-B was, however, not sufficient to
fully inhibit EMT. It is possible that either refilin-A or other actin
regulators and actin binding proteins, such as members of the ezrin/
radixin/moesin (ERM) family (Haynes et al., 2011), compensate for
the absence of refilin-B and contribute to the completion of actin
filament remodeling during EMT in the NMuMG cell line.
Role of refilins in filamin-mediatedmechanosensing in tissue
development
In mice, disruption of Flnb leads to abnormal differentiation of
intervertebral disk chondrocytes into hypertrophic chondrocytes,
resulting in ectopic bone formation and intervertebral fusions. This
phenotype, which is coincident with upregulated TGF-β signaling
via Smad2 and Smad3 (Zieba et al., 2016), can be rescued by
inactivating the intracellular signaling of TGFβ that is mediated by
Smad3 and Runx2 (Zheng et al., 2007), suggesting that Flnb exerts
a repressive function on TGF-β–Smad signaling in chondrocyte
differentiation and skeletal development (Ferguson et al., 2000;
Zieba et al., 2016). At a molecular level, the C-terminal Ig21 of
FLNB interacts with Smad proteins and prevents the nuclear
translocation and nuclear accumulation of Smad1–Smad3–Smad5
complexes (Sasaki et al., 2001; Zheng et al., 2007; Zieba et al.,
2016). In the Flnb−/− mouse, the non-sequestered Smad3
translocates into the nucleus, where it may form a complex with
the transcriptional repressor histone deacetylase 4 (HDAC4) and so
disrupt the repressive HDAC4–Smad3–Runx2 complex, resulting
in the improper activation of Runx2 (Zheng et al., 2007); this, in
turn, initiates a cascade of cell fate changes, resulting in
endochondral-like ossification of the spine (Zieba et al., 2016).
The downstream effectors of TGF-β signaling affected by
disruption of Flnb in chondrocyte differentiation are similar to
those involved in TGF-β signaling in EMT during embryonic
development, including nuclear accumulation of Smad proteins
(Lamouille et al., 2014) and activation of Runx2 (Tavares et al.,
2018). Therefore, common signaling pathways that integrate the
mechanosensory and signaling functions of filamins are likely to
exist in both EMT and chondroprogenitor differentiation. The fact
that both refilin and filamin are implicated in EMT, together with
observations pointing to a functional link between refilin and FLNB
in cartilaginous skeletal development in mice (Mizuhashi et al.,
2014), add further support to this hypothesis.
Based on this, we propose a model of how refilins might
modulate mechanosensory and signaling functions of filamins in
EMT and chondrocyte differentiation in response to TGF-β
stimulation (Fig. 3B). In unstimulated cells, filamins crosslink
actin filaments into orthogonal networks in the cellular cortical
cytoplasm, participate in the anchoring of membrane proteins to the
actin cytoskeleton (Calderwood et al., 2001; Nakamura et al., 2007,
2011; Razinia et al., 2012) and contribute to organizing cell–cell
junctions (Feng et al., 2006) (Fig. 3B, left panel). TGF-β stimulation
enables refilin binding to filamin and refilin stabilization. The
binding of refilin to filamin changes the actin-branching properties
of filamin to favor the formation of apical actin bundles (Fig. 1B),
with subsequent disorganization of the cortical actin meshwork, cell
junction dissolution and a change in nuclear shape (Fig. 3B, right
panel). In vertebrates, intercellular adhesion has an important role in
cell fate decisions (Alimperti and Andreadis, 2015), in particular in
bone development and homeostasis (Marie et al., 2014). Hence,
DKO of both refilin genes or deletion of both FLNB alleles could
lead to a misregulation of the spatiotemporal actin cytoskeleton
dynamics and cell junction remodeling with similar consequences
for chondroprogenitor cell differentiation, leading to skeletal
developmental defects (Fig. 3C,D). Our model implies that the
actin-bundling function of FLNB is complementary to that of the
nuclear Smad signaling that is associated with cell fate changes and
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cell differentiation. Smad-dependent TGF-β signaling pathways for
chondrocyte differentiation and bone formation are recognized to be
variable and context-dependent with both synergistic as well as
antagonistic activities at play (reviewed in Dexheimer et al., 2016;
van der Kraan et al., 2009). Because impaired regulation of
chondrocyte migration is also implicated in the accelerated
differentiation of these cells in Flnb-null mice (Hu et al., 2014),
further studies focusing on investigating the effects of the refilin–
Migration
Differentiation
Impaired
migration and
differentiation
Impaired
migration and
differentiation
B FLNB+/+; Rfln+/+
C FLNB–/–; Rfln+/+
D FLNB+/+; Rfln–/–
TGF-β
TGF-β
TGF-β
Phosphorylated
Smad proteins
Smad proteins
Adherens junction
Tight junction
TGF-β receptor
TGF-β
A
RefilinB
FLNa
Merge
F-actin
Refilin dimer
Filamin dimer
Weakened
adherens junction
Key
Fig. 3. Proposed molecular mechanisms of refilin-dependent filamin regulation by TGF-β. (A) Refilin-B colocalizes with FLNA on F-actin bundles on the
apical surface of the epithelial NMuMG cells in early stage of EMT. NMuMG cells grown to confluence were stimulated with TGF-β (2 ng/ml) for 20 h, fixed
with methanol and double immunostained with affinity purified guinea pig anti-refilin-B antibody (red) and mouse anti-FLNA antibody (green). Nuclei were
counterstained with Hoechst (blue). Scale bar: 20 μm. (B–D). TGF-β signaling pathways regulate cell fate during EMT and chondroprogenitor differentiation. The
refilin–filamin axis plays a central role in spatiotemporal regulation of the actin-cytoskeleton during these cell transitions. (B) In non-stimulated cells (left panel),
filamin cross-links actin filaments, anchors actin to the plasmamembrane and connects membranemolecules to cytoskeletal complexes to stabilize cell junctions
(Feng et al., 2006). The C-terminal IgFLN21 domain of FLNB recruits Smad2 and/or Smad3 and prevents it from being phosphorylated (Sasaki et al., 2001; Zheng
et al., 2007). Binding of TGF-β to its cell surface receptor activates multiple downstream signaling pathways. Among these is the stabilization of the refilin, which
bind to filamin. The refilin–filamin complex promotes formation of a new perinuclear actin network that accompanies nuclear shape changes and cell junctions
dissolution (see A) (Gay et al., 2011a). Through binding to the IgFLN21 domain of FLNB, refilins might also compete with and release Smad2 and Smad3 into the
cytoplasm. As binding of TGF-β enables its receptor-associated kinase to phosphorylate Smad2 and Smad3 (Schmierer and Hill, 2005), these accumulate into
the nucleus where they interact with transcription factors at regulatory gene sequences to activate or repress transcription (Lamouille et al., 2014). (C) In FLNB-null
cells, the loss of FLNB functions weakens adherens junctions and cell–cell interactions (Feng et al., 2006). Smad proteins are released into the cytosol and
translocate into the nucleus (Zheng et al., 2007). Upon TGFβ stimulation, apical actin bundles do not form and the nuclear Smad proteins are less susceptible to
phosphorylation by the TGF-β receptor-associated kinase. Defective Smad2 phosphorylation in filamin-deficient M2 cells treated with TGF-β
has been reported (Sasaki et al., 2001). These changes are responsible for a delay in cell shape remodelling, nuclear positioning and possibly defective
transcriptional response to TGF-β (Sasaki et al., 2001). (D) In refilin DKO cells (Rfln–/–), phenotypes associated with loss of refilin functions are revealed in
response to TGF-β stimulation. In the absence of TGF-β stimulation, the amount of phosphorylated Smads in the refilin DKO is unaltered when compared to that
in wild-type chondrocytes (Mizuhashi et al., 2014). Upon TGF-β stimulation, the absence of refilin results in a delay in cell transitions due to misregulation of
filamin-mediated actin-bundling and probably a delay in the disolution of adherens cell junctions. The loss of refilin might also reduce the nuclear translocation of
filamin-bound Smad proteins with a possibly attenuated transcriptional response to TGF-β, as in FLNB-null cells. It is expected that in refilin DKO mice (C) and in
FLNB-null mice (D), misregulations of actin cytoskeleton dynamics have similar consequences on cell migration, differentiation and developmental defects. See
text for further details.
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FLNB complex on chondroprogenitor cell migration should be
considered. We hope that the model presented here may serve as a
canvas for further experiments to test and validate the different
aspects of refilin functions in EMT and chondroprogenitor cell
differentiation.
Refilin-enhanced disruption of the mechanosensory
properties of mutant FLNB
Mutations in FLNB that lead to the BD–LS–AO spectrum of
conditions concentrate in either the CH2 domain or IgFLN14–15
(Xu et al., 2017), two regions that function in actin binding
(Nakamura et al., 2007). BD, AO and LS-associated mutations
enhance the avidity of FLNB–actin binding, suggesting that these
diseases might be caused by a disruption of the actin binding and the
mechanosensory properties of FLNB (Bicknell et al., 2007; Clark
et al., 2009; Daniel et al., 2012; Sawyer et al., 2009), as do
analogous mutations in FLNA (Clark et al., 2009) and FLNC (Duff
et al., 2011).
When ectopically expressed in cells, a fluorescent EGFP-tagged
wild-type FLNB shows either a diffuse cytoplasmic localization
with the appearance of a fine meshwork (Daniel et al., 2012) or
localizes on actin filaments (Zhao et al., 2016), depending on the
cell type. By contrast, BD, AO and LS-associated FLNB mutants are
targeted to stress fibers, and also promote the formation of protein
aggregates containing F-actin with an intensity that correlates with
severity of FLNB-related disease (Daniel et al., 2012). In Rat2
fibroblasts, expression of the mutant protein EGFP–FLNBGlu227Lys
promoted formation of star-shaped actin superstructure (Zhao et al.,
2016), whereas in the human HEK 293 cells, the distribution of the
EGFP–FLNBGlu227Lys resembles that of cells transfected with wild-
type fusion protein with only minor focal accumulations (Daniel
et al., 2012). Hence, cellular factors that modulate the actin-bundling
functions of FLNBmutant proteins exist. Co-transfection of BD, AO
and LS-associated FLNB mutants with refilin-B in the human U373
cells, which lack endogenous refilin, enhanced the number and size of
star-shaped actin superstructures composed of a core of a thick
density enriched in F-actin bundles (J.B., Z.A.J. and S.P.R.,
unpublished data). Similar actin superstructures were previously
observed in cells manipulated to increase actin bundles (Mejillano
et al., 2004) and in cells characterized by deficient refilin degradation
pathways (Gay et al., 2016, 2011a).Wewould like to suggest that BD,
AO and LS-associated mutations and refilin binding increase the F-
actin avidity of FLNB mutants through synergistic mechanisms.
FLNB mutations increase the actin binding of the N-terminal actin-
binding domain to promote or stabilize F-actin bundles (Daniel et al.,
2012; Zhao et al., 2016), whereas refilins might synergize the actin
binding through activation of the cryptic actin-binding domain
localized in the central part of the protein to stabilize actin bundles
and to further cross-link F-actin bundles (Fig. 1B). Further studies
should explore the possibility for cooperation between refilins and
FLNB mutant proteins to alleviate loss of the filamin
mechanosensory functions and altered spatiotemporal actin
dynamic regulation in BD, LS and AO syndromes.
Conclusions
Various higher-order networks of actin filaments and their
spatiotemporal modulation control cell fate specification and
differentiation. The refilins represent the first family of short-lived
F-actin regulators that exert a spatiotemporal control on the F-actin
cytoskeleton during fundamental embryonic developmental
processes. In cells, refilins bind to the actin-binding protein
filamin and promote conformational changes that modulate the
actin crosslinking and mechanosensing properties of filamin. These
changes impact on cell junction organization, cell migration and
synergize with the activation of nuclear transcriptional programs.
The effect of refilin on the functions of filamin with regard to actin
binding and mechanosensing regulation likely occur in competition
with other cellular regulators, either actin-assembly factors
(Davidson and Wood, 2016; Rotty and Bear, 2014) or signaling
proteins such as Smad proteins. Such a competition with other
filamin-interacting proteins could be modulated spatially and
temporally within the cell through the transcriptional regulation of
refilin production and its degradation mechanisms. It is likely that
there are other short-lived regulators for the spatiotemporal
regulation of actin dynamics that remain to be identified. Finally,
the possibility of a synergy between refilins and filamin mutant
proteins to stabilize actin bundles opens new avenues to understand
diseases caused by missense mutations or small in-frame deletions
or insertions in filamin genes (FLNA, FLNB and FLNC). Further
studies should explore the synergy between refilin and filamin
mutants in the development of filamin-related syndromes.
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